Abstract. Burn trauma is a clinical condition accompanied by muscle wasting that severely impedes rehabilitation in burn survivors. Mitochondrial uncoupling protein 3 (UCP3) is uniformly expressed in myoskeletal mitochondria and its expression has been found to increase in other clinical syndromes that, like burn trauma, are associated with muscle wasting (e.g., starvation, fasting, cancer, sepsis). The aim of this study was to explore the effects of burn trauma on UCP3 expression, intramyocellular lipids, and plasma-free fatty acids.
Introduction
Local burn trauma to skeletal muscle produces a pathophysiologic response (1,2) similar to that caused by other types of trauma. Although each type of traumatic insult can trigger myocellular dysfunction via a distinct extracellular stimulus, all insults are capable of producing a single common myocyte lesion (3) . It has been suggested that the members of the uncoupling protein (UCP) family that may function by uncoupling oxidative phophorylation from ATP synthesis (4) are likely involved in a growing list of pathogenic conditions, including hyperthyroidism, cancer cachexia, diabetes, obesity and sepsis (5) (6) (7) (8) . To date, the molecular mechanisms involved in physiologic changes in skeletal muscle as a result of burn trauma, and in muscle wasting generally, remain uncertain.
UCP3 is a member of the mitochondrial UCP family expressed predominantly in the skeletal muscle of rodents and humans (9) . Its role in normal physiology is not known, although this protein is hypothesized to be clinically relevant in pathophysiology (6, 7, 10, 11) . Studies in rodents indicate that UCP3 is not involved in thermoregulation, and that its uncoupling activity might, in fact, be a consequence of some as yet unknown primary function (4, 10, 12, 13) . The observation that UCP3 expression is increased in situations where fatty acid (FA) entry into the mitochondria exceeds ß-oxidation capacity suggests that this protein may be involved in the outward translocation of FA from the mitochondrial matrix. This translocation would prevent a deleterious intramitochondrial accumulation of FA (14, 15) . Consistent with the hypothesis that UCP3 is involved in FA transport, UCP3 mRNA expression has been found to be dramatically increased in humans who fast (16) and this phenomenon was found to be mediated by increased levels of circulating free FA (FFA) (17) . In obese humans, a positive correlation was observed between the level of circulating FFA and muscle UCP3 mRNA expression (18) . Furthermore, in humans, an increased level of circulating FFA induced by lipid infusion stimulated UCP3 mRNA expression in muscle (19) . These experiments indicate a pivotal role of FA in the control of UCP3 mRNA expression. Other experiments have demonstrated a direct relationship between FFA and UCP3 mRNA expression (20, 21) . It has also been suggested that increased expression of UCP3 under conditions of increased FA metabolism implies an as yet unidentified role in lipid metabolism (10) .
NMR is a biochemistry-based method used for evaluation of skeletal muscle (22) (23) (24) and has been used in burn trauma studies (25) (26) (27) . The NMR technique employed herein, highresolution magic angle spinning (HRMAS) 1 H NMR spectroscopy, a technique used for solids, can produce high-resolution spectra for intact biological samples (28) . Compared to conventional high-resolution in vitro NMR of tissue extracts, ex vivo HRMAS 1 H NMR of intact tissues not only yields superior biochemical information, but sample preparation is simplified and the in vivo state is better approximated (29) . This technique is being used increasingly to investigate overt cellular diseases (30) (31) (32) . To identify metabolic and molecular aberrations associated with burn trauma, we applied highresolution HRMAS 1 H NMR to intact ex vivo muscle samples from animals subjected to burn trauma. The changes observed might also reflect aberrations in lipid metabolism, as some of the peaks detected by HRMAS 1 H NMR in skeletal muscle arise from intramyocellular lipids (IMCLs) (22) .
We used a mouse model to study UCP3 expression following a local burn in the animal's hindlimb, which has been well characterized (33, 34 ). An increase in mitochondrial UCP3 expression in the animal's hindlimb muscle concomitant with accumulated IMCLs would be consistent with the hypothesis that UCP3 upregulation is linked to burn-induced aberrant lipid metabolism. For purposes of our study, we measured the level of expression of UCP3 mRNA and protein, and the levels of IMCLs and plasma-free fatty acids in the hindlimbs of two experimental groups: mice that had sustained local hindlimb burn injury and healthy unburned mice serving as controls.
Materials and methods
Experimental animals. Male, 6-week-old CD1 mice weighing 20-25g were purchased from Charles River Laboratory (Boston, MA). The animals were maintained on a regular light-dark cycle (light on from 8 a.m. to 8 p.m.) at an ambient temperature of 22±1˚C; they had free access to food and water.
The mouse burn model employed was a local hindlimb burn of ~3-5% TBSA. The left hindlimb muscle was harvested at selected times following burn injury to examine changes in whole muscle gene expression.
All animal experiments were approved by the Subcommittee on Research Animal Care of the Massachusetts General Hospital, Boston, MA.
Hindlimb burn (local burn model).
Prior to receiving burn injury, mice were anesthetized by intraperitoneal injection of 40 mg/kg pentobarbital sodium and were randomized into burn or control groups.
The left hindlimb of all mice in both groups (control and burn) was shaved and each mouse in the burn group (n=6) was subjected to a nonlethal scald injury of 3-5% body surface area by immersion of the left hindlimb in 90˚C water for 3 sec. This method has been previously established (33) and is thought to be a clinically relevant model of common burn injuries based on the tissue temperature (between soleus muscle and fibula) reaching 46-54˚C, similar to the temperature at which human tissue shows thermal damage. After injury, animals were given analgesia in the form of buprenorphine 0.05-0.1 mg/kg SQ, as required.
Gastrocnemius muscle was used for analysis in all cases because it has previously been shown that effectors of UCP3 expression, such as fasting and high-fat feeding, exert a more pronounced effect in fast-twitch glycolytic (white) muscle, and responses to injury would thus be easier to detect.
System control: TNF-· administration. TNF-· has been shown to evoke an increase in UCP3 expression in muscle mitochondria. Consequently, we used TNF-· challenge as a system control. Mice were randomly divided into TNF-· (Sigma, St. Louis, MO, USA) treated and saline control groups. Experimental mice were injected intraperitoneally with a single dose of TNF-· (100 μg/kg body weight in 0.5 ml of saline). Control mice were injected intraperitoneally with 0.5 ml of saline. After administration (12, 24 or 96 h) of TNF-· (or saline control), mice were anesthetized as described above and gastrocnemius muscle from TNF-· treated and control animals was excised, placed immediately in ice-cold buffer and then used for mitochondrial isolation.
Mitochondria isolation. All procedures were performed at 4˚C unless otherwise specified. Mitochondrial proteins were isolated from mouse gastrocnemius muscle immediately after excision. Muscle tissue was finely minced, then ground and homogenized in 10-20 ml of cold phosphate-buffered saline (137 mM NaCl, 3 mM KCl, 6.5 mM Na 2 HPO 4 , pH 7.2) with 1% protease inhibitor cocktail (Sigma) and kept on ice. Homogenate was centrifuged at 600 x g for 10 min at 4˚C. The pellet was discarded, and the supernatant was transferred to a fresh tube. Mitochondrial protein concentrations were determined as described by Bradford using the Bio-Rad protein assay, with BSA as a standard. The isolated mitochondria were stored at -20˚C, awaiting Western blot analysis.
Western blot analysis. Affinity-purified rabbit anti-Rat UCP3 was purchased from Alpha Diagnostic International (San Antonio, TX, USA), website: www.4adi.com. Since mouse and rat UCP3 are identical, the antibody can be used as a probe in both species. Mitochrondrial proteins (50 μg) were separated by SDS-polyacrylamide gel electrophoresis (4-15% Tris-HCl gel; Bio-Rad) and transferred to a nitrocellulose membrane (Bio-Rad). The nitrocellulose membrane was blocked in a buffer containing 5% milk in 1X TBS and 0.1% Tween-20 for 1 h at room temperature. The membrane was incubated with UCP3 antibody as primary antibody (5:1000 dilution) at 4˚C overnight. The membrane was washed 6 times (each wash 5-10 min) in 0.1% Tween-20 and 1X TBS (wash buffer) at 4˚C and then incubated with goat anti-rabbit IgG-horseradish peroxidase conjugate (1:10,000) for 1 h at room temperature. The membrane was then washed 6x10 min in wash buffer and exposed with ECL to hyperfilm. Bands were quantified by densitometry scanning (Amersham Pharmacia Biotech, website: www.amershambiosciences.com). Blots were probed with rabbit monoclonal anti-actin antibody (Sigma) as an internal standard. The molecular weight of the proteins was assessed by using protein molecular mass standards (Bio-Rad).
After quantitation, the results were expressed as arbitrary units based on UCP3/actin densitometric ratios.
Extraction of RNA. At each time point of 6, 24, and 72 h postburn, 4 burned and 4 control mice were anesthetized by intraperitoneal injection of 40 mg/kg pentobarbital and the gastrocnemius was excised.
All mice were then administered a lethal dose of pentobarbital (200 mg/kg) IP. The muscle was immediately immersed in 1 ml TRizol (Invitrogen, Carlsbad, CA, USA) for RNA isolation. The muscle was homogenized for 60 sec using a Brinkman Polytron 3000 before extraction of total RNA. Chloroform (200 μl) was added to the homogenized muscle and mixed by inverting the tube for 15 sec. After centrifugation at 12000 g for 15 min, the upper aqueous phase was collected and precipitated by adding 500 μl isopropanol. Further centrifugation at 12,000 g for 10 min separated the RNA pellet, which was then washed with 500 μl 70% ethanol and centrifuged at 7,500 g for 5 min prior to airdrying. The pellet was resuspended in 100 μl DEPC-H20. RNeasy kit (Qiagen, MD, USA) was used to purify the RNA according to the manufacturer's protocol. Purified RNA was quantitated by UV absorbance at 260 and 280 nm and stored at -70˚C for DNA microarray analysis.
Microarray hybridization. Biotinylated cRNA was generated with 10 μg of total cellular RNA according to the protocol outlined by Affymetrix Inc. (Santa Clara, CA, USA). cRNA was hybridized onto MOE430A oligonucleotide arrays (Affymetrix), stained, and washed and scanned according to Affymetrix protocol.
Genomic data analysis. The data files of scanned image files hybridized with probes from RNA extracted from gastrocnemius isolated at the specified times from burned or unburned control mice (n=2) were converted to cell intensity files (CEL files) with the Microarray suite 5.0 (MAS, Affymetrix). The data were scaled to target intensity of 500, and for each time point all possible pairwise array comparisons of the replicates to normal control mice were performed (i.e., four combinations when two arrays from each time point were compared to the two arrays hybridized to RNA from control mice), using a MAS 5.0 change call algorithm. Probe sets that had a signal value difference >100 and in which one of the two samples being compared was not called 'Absent' in each comparison, were scored as differentially modulated when 1) the number of change calls in the same direction were at least 3, 4, and 6 when the number of comparisons were 4, 6 and 9, respectively; and 2) the other comparisons were unchanged. Such scoring is to partially compensate for biological stochasticity and technical variation. Based on the ratios of 100 genes determined to be invariant in most conditions tested (Affymetrix) in the hindlimb burn and control animals, an additional constraint of a minimum ratio of 1.65 was applied to control the known false positives at 5% hindlimb.
1 H NMR spectroscopy. Hindlimb skeletal muscle samples collected from burned and control mice were measured using high-resolution magic angle spinning (HRMAS) 1 H NMR spectroscopy on a Bruker 14.1 Tesla spectrometer at 4˚C. The Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence with a total spin-spin relaxation delay of 10 ms was used to measure spin-echo HRMAS 1 H NMR spectra on all samples. Typically, 256 transients were collected into 32 K data points. The number of 180 degree cycles was n=2. The MestRe-C NMR software package (Mestrelab Research, NMR solutions, website: www.mestrec.com) was used for peak quantification. Free induction decays were zero filled and apodized with exponential multiplication (2 Hz) before Fourier transformation. The spectra were then manually phased, corrected for broad baseline features and curve-fitted using Lorentzian and Gaussian functions. The Kolmogorov-Smirnov test and Levene's test were used to assess normality of the variables and homogeneity of variances, respectively. Analysis of variance (ANOVA) was also performed by using parametric and nonparametric methods to ensure that differences or lack of differences between groups was consistent. The differences in the 1.4 PPM peak to total creatine ratio (IMCLs) were evaluated by using the nonparametric Kruskal-Wallis test. Pearson product moment correlation coefficient (r) was used to assess the strength of association between IMCLs ratio and T2. Statistical analysis was conducted by using SPSS, version 12.0 (SPSS, Chicago, IL, USA). A two-tailed value of <0.05 was considered to indicate a statistically significant difference.
Plasma FFA assay. Blood was drawn by heart puncture at the time of sacrifice and plasma FFA level was measured by using the calorimetric FFA assay kit that uses acylation of coenzyme A (NEFA C; Wako Chemicals USA, Inc., Richmond, VA, USA). Results of the Kolmogorov-Smirnov test of normality indicated that no group significantly departed from a Gaussian distribution. Mean differences between the control group and burn groups were evaluated with unpaired t-tests (Table II) . A two-tailed P<0.05 was considered statistically significant.
Results

Burn injury upregulates the UCP3 gene and protein expression in skeletal muscle.
As part of a project to identify mitochondrial gene expression changes in skeletal muscle following burn, we carried out a transcriptome comparative analysis between burn and unburned animals at selected time points, using the Affymetrix GeneChip technology. The expression profiles show that from all UCP genes, present in the Affymetrix GeneChip MOE430A, only UCP3 gene expression is altered in skeletal muscle following burn. As shown in Fig. 1A , by 6 h post-burn UCP3 mRNA expression has increased, by 24 h, it returns close to normal levels, if not slightly lower, and at 3 d it appears to be further decreased. Results obtained with Western blot studies ( Fig. 1B and C (Fig. 1A) , the increase in UCP3 protein expression is sustained for at least 24 h postburn (Fig. 1C) . To determine whether the increased UCP3 protein level at 24 h postburn is due to its high stability, we used TNF-·, known to increase UCP3 gene expression in mice (35) , to independently activate UCP3 (Fig. 2) . UCP3 gene expression is known to peak by 12 h and return to normal levels by 24 h following TNF-· administration (35) . As shown in Fig. 2 , UCP3 protein levels are sustained for at least 24 h postTNF-·, indicating the high stability of the protein.
Burn trauma causes accumulation of intramyocellular lipids (IMCLs). Our HRMAS
1 H NMR spectra showed differences between muscle from burned and control animals at 1.4 ppm (Fig. 3, peak 2) , exhibiting IMCLs that appear to increase after burn trauma (Fig. 3) . Since the data for the IMCL variable were heavily skewed and failed to meet the assumption of homogeneity of variances, a natural logarithmic transformation was used to normalize them when needed. The KolmogorovSmirnov test of normality indicated that only T2 values Table I . Intramyocellular lipids and their T2 values following burn trauma.
- 
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Values are means ± SE and post hoc multiple comparisons. Normal, 6 h, 1 d and 3 d groups are assigned the group numbers 0, 1, 2, 3, respectively; thus, P13 indicates P-value for comparison of 1 and 3 group, i.e., between 6 h and 3 d. P-values shown have been obtained with Tukey's test for T2 and with the Games-Howell test for ratio variable. Other post hoc comparison tests confirm these results. IMCLs, intramyocellular lipids; NS, not significant.
conformed to a normal distribution. Similarly Levene's test indicated that only T2 had the same variance in every time category.
T2 measurements did not correlate with the IMCL ratio (r=-0.12, P=0.62) or even with normalized ratio values (r=0.09, P=0.73). The Kruskal-Wallis test [df=3, P(T2)=0.03, P(ratio)=0.002] and ANOVA analysis [df=3, P(T2)=0.21, P(ratio)<0.001] demonstrated that time is significantly related both to T2 and ratio due to differences in their mean values in the four time groups. However, only the IMCL ratio variable: a) exhibited a significant trend with time (P<0.001) and b) was significantly different between control and burned animals (P<0.001). Post-hoc multiple comparisons between means of variables T2 and ratio for different time groups are shown in Table I . Again it appears that only the IMCL variable increased with time until the 1st day following burn.
Burn trauma increases plasma-free fatty acid (FFA) levels in the hindlimb burn model. Based on our data showing that burn trauma triggers an upregulation of UCP3 mRNA and protein in muscle, we investigated whether UCP3 upregulation coincides with an increase in plasma-free fatty acid levels in the hindlimb burn model. Table II shows FFA levels increase over the first 6 h postburn and remain significantly elevated through 72 h postburn (P<0.001; unpaired t-tests).
Discussion
The present study is the first to demonstrate that burn trauma also triggers an upregulation of UCP3 mRNA and protein in muscle, accompanied by an increase in plasma FFA that coincides with accumulation of IMCLs. The increase in UCP3 expression in skeletal muscle following local burn may be a protective mechanism involving mitochondrial uncoupling and prevention of apoptosis. Such a process appears to take place in experimental stroke studies where induction of UCP2 occurs (36) . Failure in UCP3 induction or reduced UCP3 expression may lead to apoptosis as observed in burned skeletal muscle (37) . Our findings suggest a more general role for UCP3, one that is implicated in a variety of traumatic situations.
A principal finding of our experiments is that burn trauma upregulates the 34 kDa UCP3 protein in the first 6 h postburn, and that the upregulation is sustained for at least 24 h postburn (Fig. 1C) although UCP3 mRNA expression returns to normal by 24 h. Our positive control experiments with TNF-· administration, which may mimic the effects of burn, since it has been shown to increase following burn (38) , showing that UCP3 protein levels are sustained for at least 24 h post TNF-·, (Fig. 2) demonstrate that the increased UCP3 protein level at 24 h post-burn is due to its high stability. Nevertheless, both mRNA and protein data, along with the NMR findings presented herein, suggest that UCP3 protein may promote the mitochondrial dysfunction that underlies the skeletal muscle wasting and general cachexia of burn pathophysiology (39) . Whether UCP3 has a role in mitochondrial uncoupling in burn trauma needs to be investigated using in vivo assessment of mitochondrial energy coupling by NMR which is superior to electric potential measurements across the inner mitochondrial membrane (40) .
Our results also demonstrated that the accumulation of mobile lipids in muscle tissue in response to burn trauma coincides with UCP3 upregulation. As shown in Fig. 3 , the peak at 1.4 ppm, which has been attributed to methylene protons of intramyocellular triglyceride acyl chains, arising primarily as a result of increased IMCL (22) , increases with advancing burn. This suggests that the increase in the peak at 1.4 ppm may be due primarily to an increase in IMCL as was visible by NMR. This suggestion is further supported by the results of previous studies in humans (41, 42) .
The results presented in Table II showing an increase in FFA levels by 6 h postburn and remaining significantly elevated through 72 h postburn are consistent with the notion of a link between increasing FFA and alterations in UCP3 expression, also found to rise by 6 h (Fig. 1) . Various physiologic and pathologic states associated with raised UCP3 mRNA levels in skeletal muscle also show elevated plasma FFA levels, and our findings suggest that changes in FFAs might signal altered UCP3 expression. Understanding the link between FFAs and UCP3 expression could provide new information on how the processes related to energy metabolism are affected by burn trauma (43) . It has been shown in rodents and humans that UCP3 expression in muscle is controlled by the levels of circulating and probably intramuscular FFA (17, 19, 20) . The results of the present study suggest that a potential mechanism for decreased contractile function in burn trauma partially supported by our findings and the general understanding in burn trauma is as follows: burn causes increase in plasma FFA, increased delivery of FA to the skeletal muscle leading to activation of UCP3, insulin resistance (44) and thus decreased glucose uptake. Consequently, energy deficiency might result from increased UCP3 (i.e, less efficient ATP synthesis) and reduced glucose uptake. To correct these defects a treatment that would lower plasma FFA and simultaneously provide an alternative energy source may be proposed. To date, however, we have not established causal relationships linking IMCLs, UCP3 and FFA in our model; they all seem to rise 6 h after burn. Nevertheless, our results agree with the notion that UCP3 may have an as yet unidentified role in lipid metabolism (10) .
We believe that our findings may have significant clinical implications. Not only is burn trauma in our mouse model comparable to common burn injuries in humans (33,34) but our findings may explain cellular changes brought about by thermal ablations associated with high-intensity focused ultrasound, increasingly used in treating a variety of inoperable cancers (45) . Finally, these findings open a door to a better understanding of physiological and pathological processes attendant to local burn trauma and suggest further exploration of the role of UCP3 in a variety of traumatic situations which may be protective by either activating cellular redox signaling and/or mitochondrial uncoupling. ------------------------------------------------- a Values are means ± SE.
------------------------------------------------
b T-test for equality of mean with the normal group.
-------------------------------------------------
